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In this paper we present a scheme for generation of two-photon EPR and W states in the cavity QED context.
The scheme requires only one three-level Rydberg atom and two or three cavities. The atom is sent to interact
with cavities previously prepared in vacuum states, via two-photon process. An appropriate choice of the inter-
action times allows one to obtain the mentioned states with maximized fidelities. These specific times and the
values of success probability and fidelity are discussed.
The entanglement is present in a diversity of applications
of quantum mechanics, such as quantum teleportation [1],
quantum computation [2], one-way quantum computation [3],
quantum communication via teleportation [4, 5], quantum
metrology [6], and quantum information escaping from black
holes [7]. There are various kinds of entangled states depend-
ing on the number of involved parties and of the entanglement
‘structure’, e.g., for bipartite entanglements there is only one
example, the EPR state [8]; for 3-partite there are two kinds of
entangled states, the GHZ [9] and W [10] states; for 4-partite,
more interesting is the 4-qubit cluster state whose correlations
cannot be described in terms of the local realism as experi-
mentally demonstrated in [11]. In fact, this state is not bisep-
arable and has a genuine 4-qubit entanglement.
With respect to the tripartite entangled states, it is known
that W states are robust against losses of qubits since they
retain bipartite entanglement if we trace out any one qubit,
whereas GHZ states are fragile since the remaining two par-
tite states result in separable states. This property turns the W
states very attractive for various quantum information tasks,
such as a quantum channel for teleportation of entangled pairs
[12], probabilistic teleportation [13] and quantum key distri-
bution [14]; however, one should manipulate it with care since
it is not appropriate for perfect quantum teleportation and su-
perdense coding in the form presented in Refs.[15, 16]. Sev-
eral schemes have been proposed to generate the W state in
QED cavities [17], trapped ions [18], quantum dots [19], su-
perconducting quantum interference devices [20] and super-
conducting flux qubits [21].
A class of W states that can be used for perfect teleportation
and superdense coding was recently presented in [22], given
by
|Wζ 〉=
1√
2+ 2ζ (|001〉+
√ζ eiγ |010〉+√ζ + 1eiδ |100〉),
(1)
where ζ is a real number and γ , δ are phases. Additionally,
in [23] Li and Qiu generalized the states of the W-class for
multi-qubit systems and multi-particle systems with higher di-
mension.
In view of applications of the entangled states discussed
above, in this work we present a scheme for generation of
two-photon EPR and W states in QED cavities. To this end,
a Rydberg three-level atom is sent to interact with the cavi-
ties previously prepared in the vacuum state via a two-photon
process. It is worth to mention that the two-photon process
has been demonstrated in [24] for microwave cavity QED and
offers some advantages in relation to one-photon process, as
the reduction of interaction times due to the increasing of the
atom-field coupling strength and lower decoherence induced
by stray fields [25]. In addition, two-photon process can be
easily obtained with Rydberg atoms with principal quantum
number n > 89, which can be state-sensitively detected us-
ing tunneling field ionization with quantum efficiencies above
80% and an ionization efficiency above 98% [26]. In the fol-
lowing, we discuss the theoretical model and give details of
our scheme.
Consider a three-level atom that interacts with a single
cavity-field mode via two-photon Jaynes-Cummings model
described in the interaction picture by the Hamiltonian [27]
HI = h¯g1
(
a|e〉〈 f |e−iδ t + a†| f 〉〈e|eiδ t
)
+h¯g2
(
a| f 〉〈g|eiδ t + a†|g〉〈 f |e−iδ t
)
, (2)
where g1 and g2 stand for the one-photon coupling constant
with respect to the transitions |e〉 ↔ | f 〉 and | f 〉 ↔ |g〉, re-
spectively. The detuning δ is given by
δ = Ω− (ωe−ω f ) = (ω f −ωg)−Ω, (3)
where Ω is the cavity-field frequency and ωe, ω f , and ωg are
the frequencies associated with the atomic levels |e〉, | f 〉, and
|g〉, respectively. Fig. 1 shows a schematic representation of
the atomic levels.
The state describing the combined atom-field system reads
|ψ(t)〉=∑
n
[
Ce,n(t)|e,n〉+C f ,n(t)| f ,n〉+Cg,n(t)|g,n〉
]
, (4)
where |k,n〉, with k = e, f , g, indicating the atom in the state
|k〉 and the field in the Fock state |n〉. The coefficients Ck,n(t)
stand for the corresponding probability amplitudes.
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Figure 1: Schematic diagram of the three-level atom interacting with
a single-mode of a cavity field.
2Inserting the Eqs. (2) and (4) into the time dependent
Schrödinger equation one obtains the coupled first-order dif-
ferential equations for the probability amplitudes
dCe,n(t)
dt = −ig1C f ,n+1(t)
√
n+ 1e−iδ t ,
dC f ,n+1(t)
dt = −ig1Ce,n(t)
√
n+ 1eiδ t
−ig2Cg,n+2(t)
√
n+ 2eiδ t ,
dCg,n+2(t)
dt = −ig2C f ,n+1(t)
√
n+ 2e−iδ t . (5)
As usually, we consider that the entire atom-field system is
decoupled at the initial time t = 0,
Ce,n(0) = CeCn(0),
Cb,n+1(0) = C f Cn+1(0),
Cc,n+2(0) = CgCn+2(0), (6)
where the Cn(0) stand for the amplitudes of the arbitrary ini-
tial field state and the Ca are atomic amplitudes of the (nor-
malized) initial atomic state
|χ〉=Ce|e〉+C f | f 〉+Cg|g〉. (7)
Solving these coupled differential equations with the initial conditions in (6) we get the time dependent coefficients as
Ce,n(t) =
[
g21(n+ 1)
Λnα2n
γn(t)+ 1
]
CeCn− i g1
√
n+ 1
Λn
sin(Λnt)e−i
δ t
2 C f Cn+1
+
[
g1g2
√
(n+ 1)(n+ 2)
Λnα2n
γn(t)
]
CgCn+2, (8)
C f ,n+1(t) = −i g1
√
n+ 1
Λn
sin(Λnt)ei
δ t
2 CeCn +
(
cos(Λnt)− iδ2Λn sin(Λnt)
)
ei
δ t
2 C fCn+1
−i g2
√
n+ 2
Λn
sin(Λnt)ei
δ t
2 CgCn+2, (9)
Cg,n+2(t) =
g1g2
√
(n+ 1)(n+ 2)
Λnα2n
γn(t)CeCn− i g2
√
n+ 2
Λn
sin(Λnt)e−i
δ t
2 C f Cn+1
+
[
g22(n+ 2)
Λnα2n
γn(t)+ 1
]
CgCn+2, (10)
where
γn(t) =
[
Λn cos(Λnt)+ i
δ
2
sin(Λnt)−Λnei δ t2
]
e−i
δ t
2 , (11)
Λn =
√
δ 2
4
+α2n , (12)
αn =
√
g21(n+ 1)+ g22(n+ 2), (13)
Λn being the Rabi frequency. The substitutions n → n− 1 in
Eq. (9) and n → n− 2 in Eq. (10) allow one to obtain the
C f ,n(t) and Cg,n(t), respectively.
Two-photon EPR state - Now, we describe the scheme for
generation of the maximally entangled two-photon EPR state,
written in the form
|ψ〉12 = 1√2 (|02〉12 + |20〉12), (14)
where the subscripts 1 and 2 concern the cavities 1 and 2,
respectively. Assume the two cavities previously prepared in
the vacuum state and the atom in its excited state (|e〉).
Firstly, the atom crosses the cavity 1, interacting with the
field mode for a time t1. Thus, the initial state describing the
atom plus the two cavities evolves to
|φ〉a12 = C(e0)e0 (t1)|e00〉a12 +C(e0)f 1 (t1)| f 10〉a12
+C(e0)g2 (t1)|g20〉a12, (15)
where C(k,l)i j are the coefficients in Eqs. (8)-(10) considering
the input atomic state in k and the field state in l.
Next, the atom enters the cavity 2 and interacts for a time
t2. So, the state of the whole system is written as
|φ ′〉a12 = C(e0)e0 (t1)[C(e0)e0 (t2)|e00〉a12 +C(e0)f 1 (t2)| f 01〉a12
+C(e0)g2 (t2)|g02〉a12]+C(e0)f 1 (t1)[C( f 0)f 0 (t2)| f 10〉a12
+C( f 0)g1 (t2)|g11〉a12]+C(e0)g2 (t1)|g20〉a12. (16)
3Figure 2: (Color online) Plots of (a) success probability of detection
of the atomic state in |g〉 and (b) the respective fidelity for the two-
photon EPR state, for parameters g1 = g2 = g = 17.5MHz, δ = 30g.
Figure 3: (Color online) Comparison of the fidelity and success prob-
ability versus the time t2. We use the values t1 = 2µs for the fidelity
in dashed line (green) and for success probability in dotted line (red)
and t1 = 5µs for the fidelity in solid line (blue) and for the success
probability in dash-dot line (black), with same conventions of Fig 2.
To get the two-photon EPR state we may choose to realize
the atomic detection or not. In the affirmative case, the detec-
tion of the atomic state |g〉 leads to the success probability
Pg = |C(e0)e0 (t1)|2|C(e0)g2 (t2)|2 + |C(e0)f 1 (t1)|2|C( f 0)g1 (t2)|2
+ |C(e0)g2 (t1)|2, (17)
and the respective fidelity
F =
1
2Pg
|C(e0)e0 (t1)C(e0)g2 (t2)+C(e0)g2 (t1)|2. (18)
The success probability and fidelity of the EPR state with
atomic detection is displayed in Fig. 2a and 2b, respec-
tively. The values of experimental parameters g1 = g2 = g =
17.5MHz and δ = 30g were used. In this case, Fig. 3 presents
the values of the success probability and fidelity for two dif-
ferent times. Note that an appropriate choice of the interaction
time allows one to obtain a greater fidelity.
On the other hand, if we choose to realize no atomic detec-
tion, the maximum value of the fidelity decreases to a value
close to 0.8, with the form
F =
1
2
|C(e0)e0 (t1)C(e0)g2 (t2)+C(e0)g2 (t1)|2, (19)
as used in the Fig. 4.
Two-photon W state - The W state to be constructed is writ-
ten as
|ψ〉123 = 12 (|002〉123 + |020〉123+
√
2|200〉123), (20)
Figure 4: (Color online) Fidelity of the two-photon EPR state without
atomic detection, using the same conventions of Fig 2.
where the subscripts concern the cavities 1, 2, and 3, respec-
tively. Also, we can generate the two-photon W state using
a similar procedure to the two-photon EPR state generation.
However, the W state is realized in three cavities and a dis-
tinct procedure is required.
Firstly, we consider these three cavities in the vacuum state.
An atom in the excited state |e〉 is sent to interact with the first
cavity by a time t1, leading the whole system in the state
|φ〉a123 = C(e0)e0 (t1)|e000〉a123 +C(e0)f 1 (t1)| f 100〉a123
+C(e0)g2 (t1)|g200〉a123. (21)
Next, the atom crosses the cavities 2 and 3 by a time t2 and
t3, respectively. The above state goes to the form
|φ ′′〉a123 = C(e0)e0 (t1){C(e0)e0 (t2)[C(e0)e0 (t3)|e000〉a123
+C(e0)f 1 (t3)| f 001〉a123 +C(e0)g2 (t3)|g002〉a123]
+C(e0)f 1 (t2)[C
( f 0)
f 0 (t3)| f 010〉a123
+C( f 0)g1 (t3)|g011〉a123]+C(e0)g2 (t2)|g020〉a123}
+C(e0)f 1 (t1){C( f 0)f 0 (t2)[C( f 0)f 0 (t3)| f 100〉a123
+C( f 0)g1 (t3)|g101〉a123]+C( f 0)g1 (t2)|g110〉a123}
+C(e0)g2 (t1)|g200〉a123. (22)
If we detect the atom in its ground state (|g〉) the state of the
system collapses in the form
|φ ′′′〉123 = N{C(e0)e0 (t1)[C(e0)e0 (t2)C(e0)g2 (t3)|002〉123
+C(e0)f 1 (t2)C
( f 0)
g1 (t3)|011〉123 +C(e0)g2 (t2)|020〉123]
+C(e0)f 1 (t1)[C
( f 0)
f 0 (t2)C
( f 0)
g1 (t3)|101〉123
+C( f 0)g1 (t2)|110〉123]+C(e0)g2 (t1)|200〉123, (23)
with success probability given by
Pg = |C(e0)e0 (t1)|2|C(e0)e0 (t2)|2|C(e0)g2 (t3)|2
+|C(e0)e0 (t1)|2|C(e0)f 1 (t2)|2|C( f 0)g1 (t3)|2
+|C(e0)e0 (t1)|2|C(e0)g2 (t2)|2
+|C(e0)f 1 (t1)|2|C( f 0)f 0 (t2)|2|C( f 0)g1 (t3)|2
+|C(e0)f 1 (t1)|2|C( f 0)g1 (t2)|2 + |C(e0)g2 (t1)|2. (24)
4Figure 5: (Color online) Plots of fidelity and success probability ver-
sus the interaction time t3 for the two-photon W state generation
scheme. In (a) we consider the atomic detection in the state |g〉,
with the values t1 = t2 = 4µs for the fidelity in dotted line (red)
and for success probability in dashed line (green) and the values
t1 = t2 = 7µs for the fidelity in dash-dot line (black) and for suc-
cess probability in solid line (blue). In (b) we consider the scheme
without atomic detection. For this case we show three values of the
fidelity versus t3. In solid line (blue) we use t1 = 16µs and t2 = 16µs;
in dotted line (red) we use t1 = t2 = 2µs; in dashed line (green) we
use t1 = t2 = 13µs, using the same conventions of Fig 2.
We calculate the fidelity F = |123〈ψ |φ ′′′〉123|2, written as
F =
1
4Pg
|C(e0)e0 (t1)C(e0)e0 (t2)C(e0)g2 (t3)
+C(e0)e0 (t1)C
(e0)
g2 (t2)+
√
2C(e0)g2 (t1)|2. (25)
With an appropriate choice of ti (i = 1,2,3) one gets the max-
imized fidelity. For example, in the case of atomic detections
we choose the interaction times t1 = t2 = t3 = 32µs to obtain
approximately success probability 30% and fidelity 95%.
In conclusion, we presented a scheme for the generation
of two-photon EPR and W states in the cavity QED context.
Concerning with the experimental feasibility, the devices used
here were based on Ref. [25] concerned with Rydberg atoms
with quantum number n∼ 90. The coupling constant of these
atoms with the cavity is taken close to g = 17.5MHz. In our
simulations we have used this value and a detuning of 30g. As
example, by choosing the interaction times as t1 = t2 = 3µs for
the two-photon EPR state the success probability and fidelity
result approximately 40% and 97%, respectively; if we choose
t1 = t2 = t3 = 32µs for the two-photon W state, the success
probability and fidelity result 30% and 95%, respectively. On
the other hand, the time spent for the entire procedure is ap-
proximately 10−4s for both, EPR and W case. These times are
much smaller than the decoherence time of the cavity (0.1s)
[28], which shows the experimental feasibility of the scheme.
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